Progression of fibrosis and the development of cirrhosis are responsible for the liver-related morbidity and mortality associated with chronic liver diseases. There is currently a great unmet need for effective antifibrotic strategies. Stem cells play a central role in woundhealing responses to restore liver homeostasis following injury. Here we tested the hypothesis that extracellular vesicles (EVs) isolated from induced pluripotent stem cells (iPSCs) modulate hepatic stellate cell (HSC) activation and may have antifibrotic effects. Human iPSCs were generated by reprogramming primary skin fibroblasts. EVs were isolated by differential centrifugation, quantified by flow cytometry (FACS), and characterized by dynamic light scattering and transmission electron microscopy (TEM). Primary human HSCs were activated with TGF-b (10 ng/mL) and exposed to iPSC-EVs. Efficacy of iPSC-EVs was tested on HSCs in vitro and in 2 murine models of liver injury (CCl 4 and bile duct ligation). Characterization of iPSC-derived EVs by flow cytometry identified a large population of EVs released by iPSCs, primarily with a diameter of 300 nm, that could be visualized by TEM as round, cup-shaped objects. Fluorescent tracing assays detected iPSC-EVs in HSC cytosol after a short incubation, and EV uptake by HSCs resulted in both decrease of profibrogenic markers a-smooth muscle actin, CollagenIa1, fibronectin, and tissue inhibitor of metalloproteinases-1 and HSC profibrogenic responses, such as chemotaxis and proliferation. Genomics analyses of iPSC-EV […] 
Introduction
Chronic liver disease represents a major cause of morbidity and mortality worldwide (1) (2) (3) . Fibrosis is an intrinsic response to chronic persistent liver injury that results in a wound-healing process to mitigate the damage but that also can lead to scar formation. Progression of fibrosis and the development of cirrhosis represent the central events responsible for the liver-related morbidity and mortality associated with chronic liver disease. Thus, there is currently a great unmet need for effective antifibrotic strategies. Stem cells, and in particular induced pluripotent stem cells (iPSCs), represent a promising therapeutic approach for various diseases, such as fibrotic diseases (4) . Although the mechanisms are only partially understood, studies report that iPSCs play a role in downregulating the expression of proinflammatory and profibrogenic genes (5) .
Despite the enormous potential of stem cells as therapeutics, iPSCs remain constrained by safety issues, including immunogenic risks, tumorigenesis potential, and incomplete differentiation, as well as by Progression of fibrosis and the development of cirrhosis are responsible for the liver-related morbidity and mortality associated with chronic liver diseases. There is currently a great unmet need for effective antifibrotic strategies. Stem cells play a central role in wound-healing responses to restore liver homeostasis following injury. Here we tested the hypothesis that extracellular vesicles (EVs) isolated from induced pluripotent stem cells (iPSCs) modulate hepatic stellate cell (HSC) activation and may have antifibrotic effects. Human iPSCs were generated by reprogramming primary skin fibroblasts. EVs were isolated by differential centrifugation, quantified by flow cytometry (FACS), and characterized by dynamic light scattering and transmission electron microscopy (TEM). Primary human HSCs were activated with TGF-β (10 ng/mL) and exposed to iPSC-EVs. Efficacy of iPSC-EVs was tested on HSCs in vitro and in 2 murine models of liver injury (CCl 4 and bile duct ligation). Characterization of iPSC-derived EVs by flow cytometry identified a large population of EVs released by iPSCs, primarily with a diameter of 300 nm, that could be visualized by TEM as round, cup-shaped objects. Fluorescent tracing assays detected iPSC-EVs in HSC cytosol after a short incubation, and EV uptake by HSCs resulted in both decrease of profibrogenic markers α-smooth muscle actin, CollagenIα1, fibronectin, and tissue inhibitor of metalloproteinases-1 and HSC profibrogenic responses, such as chemotaxis and proliferation. Genomics analyses of iPSC-EV miRNA cargo revealed 22 highly expressed miRNAs, among which miR-92a-3p was the most abundant. Transcriptome analysis identified 60 genes downmodulated and 235 upregulated in TGF-β-primed HSCs in the presence or absence of iPSC-EVs. Intravenous injection of iPSC-EVs in CCl 4 -induced and bile duct ligation-induced liver fibrosis resulted in antifibrotic effects at protein and gene levels. Results of this study identify iPSC-EVs as a potentially novel antifibrotic approach that may reduce or reverse liver fibrosis in patients with chronic liver disease. difficulties in scaling up production (4) . These issues may be avoided by generating and harvesting ex vivo stem cell-derived extracellular vesicles (EVs) that can be administered either as an autologous or allogeneic (off-the-shelf) product (6) .
EVs are membrane-bound structures efficiently produced and released by parental cells that carry a variety of bioactive molecules, including noncoding RNA (short and long noncoding RNAs), DNA, proteins, and lipids (7, 8) . EVs contain a footprint of the cell of origin, they facilitate cell-to-cell communication, and after being internalized by the target cell, they can modulate several cell responses as well as gene expression (9, 10) . Extensive studies have highlighted the role of embryonic, hematopoietic, or progenitor stem cell-derived EVs in dedifferentiation and pluripotency (11) (12) (13) (14) (15) (16) , in healing of infarcted hearts (17) , in revascularization of injured tissue (18, 19) , and as potential antifibrotic agents. EVs' relatively small size, prolonged activity after release, composition, and efficient cargo capacity make them less likely to get entrapped in filter organs, more likely to pass through biological barriers, and highly biologically active in cell phenotype regulation. In this study, we explore whether (a) iPSCs produce and release EVs and to what extent, (b) iPSC-EVs can reduce or reverse hepatic stellate cell (HSC) activation in vitro and through which mechanism, (c) bioactive molecules are encapsulated in iPSC-EVs (e.g., miRNAs) and whether a specific miRNA signature can be determined, and (d) iPSC-EVs have therapeutic antifibrotic effects in 2 experimental murine models of liver fibrosis.
Our findings show that iPSCs physiologically produce and release EVs that are internalized by HSCs and modulate the HSC profibrogenic phenotype by reducing the expression of profibrogenic markers. Genomics and efficacy studies reported here show that iPSC-EVs carry a significant number of miRNAs, accumulate in the mouse liver, and reduce liver fibrosis and HSC activation in 2 murine models of liver injury and fibrosis. Altogether these findings suggest that EVs can be isolated from iPSCs and can have potential therapeutic effects for fibrotic diseases, such as chronic liver diseases.
Results

iPSCs produce and release EVs in vitro.
To determine whether iPSCs produce and release EVs in the extracellular space, we collected iPSC-conditioned media and isolated EVs by differential centrifugation. After removal of cell debris and apoptotic bodies, iPSC-EVs were separated from the EV-free supernatant by ultracentrifugation and quantified. Flow cytometry identified a large number of calcein-FITC + EVs released by iPSCs in culture that were efficiently isolated from the rest of the cell-conditioned supernatant ( Figure 1A ). Scatter plots generated after sorting the isolated EV pellet confirm the presence of a large number of FITC + events in a size range between 200 and 1000 nm, as determined by using a cocktail of calibration beads ( Figure 1B) . The presence and ultrastructure of iPSC-EVs in the pelleted fraction was further assessed by transmission electron microscopy (TEM). Representative microphotographs show a heterogeneous population of round, cup-shaped EVs with diameter of about 300 nm ( Figure 1C ). The heterogeneous nature of EVs was also confirmed by dynamic light scattering (DLS), which identified an EV size range between 200 and 900 nm in diameter, with a main peak at around 400 nm ( Figure 1D ). Several elegant studies have identified the presence of a group of surface proteins that can be considered markers of EVs (20, 21) . To confirm the presence of some of these surface markers, we applied purified EV samples on an Optiprep density gradient to separate the different populations of vesicles ( Figure 1E ). Fractions containing purified iPSC-EV fractions were pooled and protein isolation was performed. Protein samples were resolved on an SDS-PAGE, and common markers of EVs were identified, including MMP-2, P-selectin glycoprotein ligand-1 (PSGL1), tetraspanins CD63 (only mildly expressed), and CD81 ( Figure 1F ). To further confirm the purity of our EV samples and the absence of any cell contamination, we detected cell chaperone Calnexin in iPSC-EVs and in cell lysates, as reported previously (22) . Western blot analysis identified Calnexin only in cell lysates but not in the EV sample, indicating that iPSC-EV samples were fairly pure ( Figure 1F ). Based on the EV isolation and purification techniques available and used for this report, we decided to study the antifibrotic role of a population of EVs with a size ranging between 200 and 1000 nm in diameter. Taken together, these data support our hypothesis and indicate that iPSCs physiologically produce and release a large number of heterogeneous EVs in conditioned media.
iPSC-derived EVs are internalized by HSCs and reduce the expression of profibrogenic markers. In this study we hypothesize that iPSC-EVs have an antifibrotic or reprogramming capacity that may reverse activation of HSCs. Hence, we investigated the potential effect of EVs released by iPSCs on the profibrogenic mechanisms of primary HSCs, primed with 10 ng/mL TGF-β to enhance their activation. Before studying the iPSC-EV-dependent gene regulation of HSCs, we investigated the mechanism of action (MOA) of iPSC-EVs. Our group and others have demonstrated that cell-derived EVs are effectively engulfed by target cells and modulate a variety of cell responses (23) (24) (25) (26) . Based on this evidence, we assessed whether this is true for iPSC-EVs as well. As expected, iPSC-EVs fluorescently labeled with PKH26 were internalized by HSCs after 6 hours of exposure, supporting the previously described MOA. Confocal microscopy imaging detected PKH26 + EVs in the cytosol of HSCs, particularly localized in the perinuclear area (Figure 2A ), while no PKH26 + EV events were identified in HSCs exposed to EV-free supernatant ( Figure 2B ). This suggests that HSCs take up iPSC-EVs in vitro and that HSC biology might be regulated by EVs following the internalization. In a previously published study, Kisseleva and colleagues elegantly demonstrated that myofibroblasts revert to inactivated cells where the main profibrogenic genes are significantly downregulated (27) . To investigate whether iPSC-EVs could potentially have any effect on the regulation of profibrogenic genes, we performed a focused gene expression analysis of some well-described markers of HSC activation in the presence or absence of iPSC-EVs. The expression of selected genes, such as α-smooth muscle actin (αSMA), CollagenIα1, and tissue inhibitor of metalloproteinases-1 (TIMP-1), was significantly reduced when TGF-β-activated HSCs were exposed to iPSC-EVs for 24 hours compared with HSCs treated with EV-free supernatant ( Figure 2C ). This suggests that iPSC-EVs may play an important role in posttranscriptional regulation of genes associated with profibrogenic TGF-β-dependent activation of HSCs. In addition to regulating profibrogenic genes, iPSC-EV-treated HSCs also reduced gene expression of cyclin D, a common marker of cell proliferation normally upregulated in activated HSCs during liver fibrosis ( Figure 2D ). To test the ability of iPSC-EVs to modulate HSC biology posttranslationally, we detected the protein levels of profibrogenic markers αSMA and fibronectin. Immunoblot analyses for these 2 markers showed a mild reduction of protein expression in TGF-β-activated HSCs exposed to iPSC-EVs compared with TGF-β alone or with HSCs exposed to EV-free supernatant ( Figure 2E ). Based on these findings, we believe that modulation of protein expression by iPSC-EVs may require an incubation longer than 24 hours or that iPSC-EVs may play their antifibrotic role only on a pretranscriptional or immediately posttranscriptional level. Follow-up studies need to be performed to address this hypothesis. As indicated in Kisseleva and colleagues' report (27) , activated HSCs can either revert to an inactivated phenotype or undergo cell death during liver fibrosis resolution. We tested whether treatment of HSCs with iPSC-EVs induced cell death, and we did not observe any apoptosis or necrosis. These findings suggest that iPSC-EVs may play an important role in the phenotypic switch of activated HSCs toward a partially or fully inactivated status that may reverse or resolve liver fibrosis.
iPSC-EVs reduce functional HSC proliferation and chemotaxis in vitro.
Initiation and perpetuation of liver fibrosis are characterized by an initial genetic switch of quiescent adipocyte-like HSCs to myofibroblast-like activated and αSMA + HSCs. HSC transdifferentiation during liver injury results in activation of various profibrotic cell responses that sustain and perpetuate liver fibrosis. Among several profibrogenic cell responses, HSC proliferation and chemotaxis are particularly crucial for the severity of fibrosis. Based on the importance of HSC proliferation and chemotaxis for liver fibrosis, we investigated whether iPSCEVs could block or reduce functional HSC responses, such as proliferation and chemotaxis. Established proliferation BrdU assay performed on HSCs indicated that proliferation of activated HSCs was significantly reduced after exposure to iPSC-EVs for 48 to 72 hours ( Figure 2F ). Equally important during perpetuation of liver fibrosis is HSC-oriented migration toward the area of injury. Similarly as assessed for proliferation, we investigated the potential inhibition of migration by iPSC-EVs. HSCs primed with TGF-β and exposed to iPSC-EVs showed a markedly decreased chemotaxis compared with TGF-β-primed HSCs exposed to EV-free supernatant. A qualitative staining of the nuclei of HSCs trapped in the Transwell filter showed how many cells migrated in the presence of EV-free supernatant while only few cells migrated in the presence of iPSC-EVs, despite the exposure to TGF-β in both conditions ( Figure 2 , G and H). These results indicate that iPSC-EVs not only regulate HSC markers' expression but may also A longer exposure to a higher number of iPSC-EVs may result in better efficacy, but we believe that the antifibrotic signals we observed are promising and open the field to follow-up studies testing iPSC-derived or other stem cell-derived EVs as antifibrotic agents for various chronic liver diseases, such as nonalcoholic and alcoholic steatohepatitis.
Transcriptomic profile of activated HSCs and miRNA profile of iPSC-EVs show a potential modulation of the profibrogenic machinery in activated HSCs. Based on our in vitro and in vivo results, we investigated the potential regulatory role of iPSC-EVs in the HSC gene profile. A complete transcriptomic analysis was conducted on activated HSCs exposed to iPSC-EVs. RNA-Seq was performed in triplicate on untreated or TGF-β-activated HSCs in the presence (TGF-β plus iPSC-EVs) or absence (TGF-β) of iPSC-derived EVs. The Euclidean clustering of gene expression levels showed a good reproducibility within the experimental triplicates and a clear separation between the 3 experimental groups ( Figure 6A ). As the first step, we evaluated the log 2 fold change (log 2 FC) generated when comparing TGF-β-treated cells with untreated HSCs (x axis) and TGF-β plus iPSC-EV-treated cells with untreated HSCs (y axis). Both treatment conditions led to changes of gene expression ranging from -4 to 4.5 log 2 FC, when compared with untreated cells. Importantly, the observed changes in gene expression were also highly correlated, as indicated by the diagonal shape on the dot plot ( Figure 6B ). Then we compared TGF-β-activated HSCs exposed to iPSC-EVs with cells exposed to TGF-β only. Our analysis identified 60 downregulated genes (marked in blue) and 235 upregulated genes (marked in red; Figure 6B ). We then subclassified the 60 genes downregulated in TGF-β-activated HSCs with iPSC-EVs versus TGF-β-activated HSCs without iPSC-EVs and compared the gene expression pattern in each of the 2 groups with that of untreated cells. This analysis showed 20 genes already downmodulated at baseline by the TGF-β exposure itself, while 30 genes were specifically downmodulated by the exposure to iPSC-EVs ( Figure 6C ). Among the remaining 10 genes, 9 were upmodulated by TGF-β treatment itself while 1 gene was unchanged between untreated cells and those exposed to TGF-β with or without iPSC-EVs. The same subclassification was performed for the 235 upregulated genes. This analysis showed that 15 genes were already upregulated by TGF-β exposure alone while 193 genes were specifically upregulated in human HSCs preactivated with TGF-β and then incubated with iPSC-EVs. Among the remaining 27 genes, 21 were downmodulated by the pretreatment with TGF-β alone, and 6 genes were completely unchanged between treated and untreated cells ( Figure 6D ). Data comparison of the transcriptomic profiles of activated human HSCs exposed or not to iPSC-EVs suggests that iPSC-EVs may play a crucial role in the regulation of profibrogenic genes (e.g., collagens, growth factors, or TIMPs), whose expression may be downmodulated or switched off by bioactive material shuttled by EVs and released in the target cells. Extensive data from our group and other groups showed that EVs carry various bioactive molecules, such as proteins, coding and noncoding RNAs, and lipids (28, 29) . Based on this, we performed miRNA sequencing of iPSC-EVs, and we identified the most abundant EV miRNAs. About 700 miRNAs were identified in iPSC-EVs. However, considering that highly abundant miRNAs shuttled into the target cells are more likely to regulate the cell gene expression machinery, because they compete with endogenous miRNAs, we selected only the miRNAs representing at least 1% of the total miRNA content for further characterization. This selection resulted in 22 miRNAs (Table 1) , and numerous validated and predicted targets were identified among the genes downmodulated (adjusted P value < 0.01) following TGF-β plus EV exposure ( Figure 7A ). Among many, miR-92a-3p was the top expressed miRNA, with almost 10% of total miRNAs and an abundant series of predicted targets among the downregulated DEGs ( Figure 7B ). Other miRNAs abundantly expressed and of interest for our hypothesis include miR-10b-5p, miR-302-3p, and miR-92b-3p, which all have potential antifibrotic properties. These findings suggest that iPSC-EVs may influence the pro-or antifibrotic gene machinery of HSCs by transferring bioactive molecules, such as miRNAs, that may modulate HSC biology.
Discussion
The main findings of this study provide insights on the molecular signature and on the modulatory mechanisms of stem cell-derived EVs on HSC biology and liver fibrosis, suggesting a potential role for stem cellderived EVs as novel therapeutic biologics for treatment of liver fibrosis. Our complete characterization analyses show that iPSCs physiologically produce and release EVs that can be isolated from cell supernatant, identified and quantified by flow cytometry, and imaged by electron microscopy. An additional purification and characterization of iPSC-EVs identified some key EV protein markers commonly described on cell-derived vesicles in various studies (21) , which confirms the ability of iPSCs to produce and release EVs. The regenerative potential of stem cell-derived EVs has been previously described mainly in mesenchymal stem cells (6) and in various diseases, but very little is currently known about iPSC-derived EVs and their potential role in liver fibrosis. Using iPSCs would reduce or perhaps eliminate risks related to undesired immune response after a cell transplant, risk of tumorigenesis, and issues related to cell sourcing and production. HSCs are vitamin A-storing cells in normal liver but transdifferentiate in myofibroblast-like cells, producing and releasing extracellular matrix, during liver injury. This transdifferentiation initiates and sustains liver fibrosis, which is associated with high liver-related morbidity and mortality if not reversed or resolved. A plethora of very elegant studies have demonstrated that HSC activation and perpetuation is multifactorial and a variety of signaling pathways, receptors, cytokines, and MAPK families are involved synergistically, antagonistically, or additively. We hypothesize that using biologically produced particles that contain different bioactive molecules (miRNAs, proteins, and lipids), and are biologically active and stable upon release, may modulate HSC biology. As a consequence, this EV-dependent mechanism may lead to greater efficacy than small molecules or synthetic biologics. Additionally, small membrane structures, like EVs that have a diameter between 100 and 1000 nm, elicit effective penetration properties, can efficiently shuttle bioactive molecules, can penetrate cells by endocytosis or through receptors, and are 6 EVs/100 μL or vehicle control (n = 5 mice/group) 3 times a week after 1 week of CCl 4 and for the last 2 weeks. (C) Quantitative PCR expression graphs of profibrogenic genes αSMA, CollagenIα1, and TIMP-1 in livers harvested from control mice or CCl 4 -treated mice that received tail vein injections of iPSC-EVs or vehicle. β 2 m was used as a housekeeping gene. Representative microphotographs (original magnification, ×10) and corresponding quantification graph of (D and F) Picrosirius red staining for determination of collagen deposition and (E and G) immunohistochemistry for HSC activation marker αSMA in liver specimens harvested from mice administered CCl 4 for 3 weeks and treated with mouse iPSC-EVs or vehicle for the last 2 weeks of the study. Values represent mean ± SD. *P < 0.05; Kruskal-Wallis test with post hoc Mann-Whitney test and Bonferroni's correction were used for statistical analysis.
very stable compared with large stem cells that have been used experimentally for regenerative medicine. Through our initial characterization of iPSC-EVs, we were able to detect EVs by flow cytometry at an average concentration of 600 EVs/μL of iPSC media. Our initial analyses were further supported by morphological and molecular data, which not only identified EVs by electron microscopy, providing important information on the physical aspect of EVs, but also detected key EV protein markers, confirming the presence of EVs in our samples and excluding any cell contamination. In our previous reports, we demonstrated that EVs are actively and efficiently incorporated in target cells and modulate their phenotype. Here, we could demonstrate a similar mechanism, where primary human HSCs take up iPSC-EVs shortly after being exposed to EVs. This uptake resulted in a significant reduction of the key profibrogenic genes and proteins, such as αSMA, CollagenIα1, TIMP-1, and fibronectin, in HSCs activated by the most potent profibrogenic agent, TGF-β. iPSC-EVs not only modulated gene expression but also regulated and, interestingly, reduced crucial HSC responses occurring during liver fibrosis, such as proliferation and chemotaxis. After initial liver damage, HSCs undergo a phase of activation, which includes cell expansion and migration toward the area of injury to release matrix that will replace the damaged tissue. As a consequence, blocking or reducing these 2 responses of activated HSCs is extremely important for antifibrotic therapeutic interventions. The promising and interesting in vitro data needed to be confirmed in vivo in an experimental murine model of liver fibrosis. A biweekly injection of mouse iPSC-EVs in a CCl 4 -induced liver fibrosis model for 3 weeks resulted in significant improvement of liver functionality, reduction of hepatic expression of key profibrogenic genes and proteins, reduction of hepatic collagen deposition, and HSC activation by about 30% to 40%, which is particularly marked when considering the severity of the CCl 4 model and the short administration of iPSC-EVs. Similar antifibrotic results were obtained in a cholestatic liver fibrosis model (BDL) for 2 weeks, where iPSC-EVs were injected once daily for the last 6 days of the study. Future studies on chronic liver diseases, such as nonalcoholic and alcoholic steatohepatitis, are warranted.
In this proof-of-concept report, we provide further insights into iPSC-EVs' cargo and potential gene regulation in HSCs. By using a nonbiased approach, we performed miRNA profiling of iPSC-EVs and identified a signature of the most abundant miRNAs. Bioinformatics analysis showed that miR-92a-3p was the top expressed in iPSC-EVs (Table 1) . A previous report showed that miR-92a-3p and miR-302-3p, another miRNA particularly abundant in our iPSC-EV profile, are highly and specifically expressed in iPSCs, have differentiation capacity, and may trigger HSC differentiation into an inactive or quiescent-like phenotype (30) . In previous studies, miR-92a-3p elicited antifibrotic effects by suppressing profibrotic mediators in both human fibroblasts (31) and a bleomycin model of lung fibrosis with miR-92b-3p, also abundant in our iPSC-EVs (32) . Other miRNAs with antifibrotic effects include miR-26a-5p, which reduces both phosphorylation of SMAD3 and connective tissue growth factor (CTGF), attenuating fibroblast transdifferentiation (33) and cyclin D2 and TGF-β receptors and suppressing cell proliferation (34); miR-27b-3p, which reduces Gremlin 1, attenuating epithelial-mesenchymal transition (35); miR-22-3p, which negatively regulates angiotensin II-induced cardiac fibrosis by suppressing the expression of TGF-β receptor type I in the heart (36); and miR-486-5p, which targets and suppresses SMAD2, decreasing lung lesions in lung fibrosis (37) . We also performed an RNA-Seq analysis of HSCs exposed to TGF-β with or without iPSCEVs. We found that many genes commonly associated with fibrosis were downregulated in TGF-β-activated HSCs exposed to iPSC-EVs compared with TGF-β-treated cells alone. Our bioinformatics analyses identified several DEGs, up-or downregulated in TGF-β-treated HSCs or TGF-β plus iPSC-EV-treated cells. These findings suggest that iPSC-EVs can modulate activated HSCs in vitro and that, at least in part, the antifibrotic effects observed in vivo with iPSC-EV treatment might be mediated via shuttling of specific miRNAs into HSCs. A particularly important aspect of this study is that fluorescently labeled iPSC-EVs could be detected mainly in the liver only 6 hours after i.v. injection in wild-type mice. This is a very important proof of concept demonstrating that EVs accumulate in the liver in vivo, supporting a potential use of iPSC-EVs as therapeutic biologics for liver diseases. On the other hand, further studies are needed to elucidate EV cellular localization after they accumulate in the liver. In summary, our study identifies iPSC-derived EVs as potential novel antifibrotic biologics and has important translational implications for the treatment of various liver diseases associated with fibrosis.
Methods
Animal studies. Male C57BL/6 wild-type mice, 7 to 8 weeks old, were purchased from The Jackson Laboratory and were maintained under specific pathogen-free conditions at UCSD with ad libitum access to water and normal chow. For EV in vivo tracing studies, murine iPSC-conditioned media was centrifuged at 3000 g for 15 minutes at 10°C to remove cell debris (pellet). Supernatant was transferred in new tubes and incubated with 1 μM of the lipophilic carbocyanine DiOC18 (7) or DiR dye (Thermo Fisher Scientific) at room temperature for 15 minutes to label EVs present in the supernatant. DiR + EVs were then isolated by ultracentrifugation at 100,000 g for 1.5 hours at 4°C. Pelleted EVs were resuspended in 100 μL of sterile saline solution, while supernatant was concentrated in Amicon Ultra 0.5-mL centrifugal filters with 3 kDa 2.19% hsa-miR-30a_MIMAT0000087
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List of the top 22 most expressed miRNAs (>1% of the total miRNA content) in iPSC-EVs determined by miRNA sequencing (n = 3 biological replicates).
MWCO (MilliporeSigma) to 100-200 μL and used as EV-free control. Mice (n = 2-3/group) received a single injection of 1.5 × 10 6 DiR + iPSC-EVs per mouse by tail vein or 100 uL of DiR + cell-free supernatant or 100 μL of saline. Mice were imaged under anesthesia 1 hour or 6 hours after injection with the eXplore Optix in vivo preclinical fluorescence imager (GE Healthcare). Liver injury was induced in mice by oral gavage of 10 μL/g of CCl 4 in mineral oil (MilliporeSigma) 3 times a week for 3 weeks. After 1 week of CCl 4 administration, mice (n = 5/group) received 1.5 × 10 6 murine iPSC-EVs/100 μL of saline or vehicle control by tail vein twice a week for the last 2 weeks of the study. In addition, cholestatic liver injury and fibrosis was induced in mice by BDL for 2 weeks, as described previously (38, 39) . A group of control mice (sham control) underwent abdominal laparotomy but no BDL was performed. Nine days after surgery, BDL mice (n = 5-6/group) were injected by tail vein with 1.5 × 10 6 murine iPSC-EVs/100 μL saline or vehicle control once daily for the last 6 days of the study. At the end of each study, mice were euthanized by intraperitoneal injection of a mixture of 100 mg/kg of ketamine and 10 mg/kg of xylazine dissolved in a 0.9% saline solution (23) . Body weight and liver weight were determined and tissues harvested for molecular and histopathological assessments.
Cell culture. Human primary HSCs were provided in-house at the UCSD and were cultured in DMEM supplemented with 10% FBS and antibiotic/antimycotic (Gibco). Human and mouse iPSCs were provided by Lawrence Goldstein at the UCSD and cultured as previously reported (40) .
Isolation and characterization of iPSC-derived EVs. Cell culture medium was harvested every 24 to 48 hours from unstimulated, normally cultured human or mouse iPSCs and stored at -80°C until isolation of EVs. EVs were isolated as described previously (9) . Briefly, iPSC-conditioned medium was centrifuged for 15 minutes at 3000 g to remove cell debris and aggregates. Supernatant was transferred into new tubes and ultracentrifuged at 100,000 g for 90 minutes at 4°C by Beckman L8-70M ultracentrifuge using the SW41 Ti swinging rotor (Beckman Coulter). EV-free supernatant was collected and used as negative control for in vitro assays. Pelleted EVs were resuspended in PBS for characterization, in FBS-free media for functional in vitro studies or in saline solution for in vivo studies. The number of calcein-positive iPSC-EVs per microliter of media was determined by flow cytometry using a BD LSRII FACS machine, as described previously (23) . EV size was determined by measuring DLS with the Zetasizer system (Malvern Panalytical), and EV morphology was determined by TEM provided by the TEM facility at UCSD, as previously described (23, 41) . For additional characterization, isolated iPSC-EVs were further purified by using Optiprep density gradient medium (MilliporeSigma) for detection of EV protein markers. Briefly, pelleted EVs were resuspended in 500 μL of PBS and slowly seeded on a gradient of 40%, 20%, 10%, and 5% of Optiprep medium dissolved in 0.25 mM sucrose, 1 mM EDTA, and 10 mM Tris-HCl. EV samples were ultracentrifuged at 100,000 g for 18 hours at 4°C. A volume of 1 mL per fraction was collected, transferred into a new tube, and diluted in 12 mL of PBS. Small vesicles eluted in fractions 6-7 (density: 1.10 g/mL), while large vesicles eluted in fractions 9-10 (density: 1.14-1.20 g/mL). Diluted Optiprep fractions in PBS were further ultracentrifuged at 100,000 g for 3 hours at 4°C to remove any Optiprep residues. Pelleted and Optiprep-free EVs were resuspended in RIPA lysis buffer for protein isolation and Western blot analyses of EV protein markers.
Internalization of iPSC-EVs. An aliquot of purified iPSC-EVs was used for EV internalization into HSCs. EVs were resuspended in PBS containing the fluorescent tracing dye PKH26 (MilliporeSigma) and were labeled according to the manufacturer's instructions. PKH26-labeled iPSC-EVs were incubated with 1.5 × 10 5 serum-starved HSCs for up to 6 hours in a 4-well tissue culture slide. Cells were washed with cold PBS and fixed/permeabilized with 4% paraformaldehyde. To visualize F-actin fibers in cytosol and cell nuclei, cells were stained with FITC-labeled phalloidin (MilliporeSigma) and 4′,6-diamidino-2-phenylindole (DAPI) (Vector Labs), respectively. Cells were imaged at ×10 or ×40 by Olympus FV1000 Spectral Confocal microscope.
RNA isolation and quantitative real-time PCR. Unlabeled human iPSC-EVs or EV-free supernatant was incubated with human HSCs in combination with 10 ng/mL of profibrogenic agent TGF-β (R&D Systems, 240-B) for 24 hours at 4°C. Cells or liver samples were homogenized in TRIzol, and total RNA was isolated using RNeasy kit (Qiagen) and reverse-transcribed by iScript cDNA synthesis kit (Bio-Rad) according to the manufacturers' instructions and as previously reported (9) . Quantitative real-time PCR was performed on a Bio-Rad Cycler by using SYBR Green real-time PCR master mix (Kapa Biosystems, Roche) according to the manufacturers' instructions. The housekeeping gene β 2 m was used as an internal control. The PCR primers used to amplify each gene are listed in Supplemental Table 1 (supplemental material available online with this article; https://doi.org/10.1172/jci.insight.125652DS1).
Immunoblotting. Unlabeled human iPSC-EVs or EV-free supernatant was incubated with human HSCs in combination with 10 ng/mL of profibrogenic agent TGF-β (R&D Systems) for 24 hours at 4°C. Total protein content of purified iPSC-EVs and HSCs was isolated and quantified, respectively, by Micro BCA and BCA Protein assay kit (both from Thermo Fisher Scientific), according to the manufacturer's instructions. For immunoblotting, equivalent amounts of protein were separated by SDS-PAGE and blotted onto nitrocellulose membranes. Primary antibodies anti-MMP2 (ABclonal Biotech, catalog A-6247, lot P00009, rabbit polyclonal, 1:100), anti-PSGL1 (ABclonal Biotech, catalog A-1660, lot P00009, rabbit polyclonal, 1:100), anti-Calnexin (Santa Cruz Biotechnology, catalog sc-23954, mouse monoclonal, 1:200), anti-CD63 (GeneTex, catalog GTX37555, rabbit polyclonal, 1:100-1000), anti-CD81 (GeneTex, catalog GTX31381, rabbit polyclonal, 2.5 μg/mL), anti-αSMA (MilliporeSigma, catalog A2547, monoclonal mouse, 1:500), antifibronectin (Abcam, catalog Ab2413, monoclonal rabbit, 1:1000), and anti-type I collagen (SouthernBiotech, catalog 1310-01, goat polyclonal, 1:200) were used for immune detection with HRP-conjugated secondary antibodies (1:5000, Cell Signaling Technology). Proteins were visualized by Supersignal West Pico chemiluminescence reagents (Pierce Biotechnology). Western blot data were obtained from 3 independent experiments, and representative gels are reported in the figures.
Migration assay. Chemotaxis was assessed in human primary HSCs by using the Transwell chamber assay, as described previously (9) . Briefly, each well (lower chamber) of a 24-well plate was filled with 500 μL of FBS-free DMEM with or without 10 ng/mL TGF-β (R&D Systems, catalog 240-B). Transwell polycarbonate membrane cell culture inserts (Corning) were placed on top of each well (upper chamber) of the 24-well plate, and a mixture of 5 × 10 4 HSCs with or without iPSC-EVs or EV-free supernatant was added on the insert (upper chamber). Plates were incubated for 6 hours at 37°C, and then the filters were removed and stained with Vectashield mounting medium with DAPI (Vector Labs). Migrated cells were detected with a fluorescence microscope and DAPI + nuclei counted. Proliferation assay. HSC proliferation was assessed by detecting DNA synthesis as incorporation of BrdU using CyQuant Direct Cell Proliferation Assay (Thermo Fisher Scientific) according to the manufacturer's instructions. Briefly, HSCs were plated onto a 96-well plate (0.15 × 10 5 cells/well), treated with or without 10 ng/mL of PDGF (R&D Systems, 220-B), and exposed to iPSC-EVs or EV-free media for 48
